Introduction
Environmental production approach requires the joint production of desirable (good) and undesirable (bad) outputs. The incorporation of bad outputs is the most controversial issue in calculating an environmental performance index. Normally, typical radial Data Envelopment Analysis (DEA) model formulations cannot incorporate bad outputs because in such a model outputs can only increase, which is not desirable for bad outputs. Tyteca (1996) and Zhou et al. (2008) review DEA techniques which deal with undesirable outputs.
Our study fulfills this gap by providing a typical radial DEA model in three different settings in order to model regional environmental efficiency. More analytically, relying on Zhu (2002, 2005) it uses a linear transformation of bad output in order to model the pollutant as a regular output in a DEA formulation setting. Secondly it follows several other studies (Pitman 1981; Cropper and Oates 1992; Reinhard et al. 2000; Dyckhoff and Allen 2001; Hailu and Veeman 2001; Korhonen and Luptacik 2004; Mandal and Madheswaran 2010) treating the pollutant as a regular input in a input minimization linear program. As a third option the study uses the DEA formulation as proposed by Kuosmanen and Kortelainen (2005) and Kortlainen (2008) and the notion of eco-efficiency, therefore measuring regions' ecoefficiency levels in municipality waste generation. The results obtained are analyzed and compared in order to evaluate the performance of the examined regions.
The second contribution of this paper is its empirical application. Our study extends the recent studies conducted by Halkos and Tzeremes (2012 , 2013a , 2013b which are the first analyzing regional environmental efficiencies in DEA context.
Therefore for this purpose regional data of 160 regions derived from seven countries (Belgium, France, Germany, Italy, the Netherlands, Spain and the UK) are examined and analyzed for the year 2008. As a result and to our knowledge is the first study which computes and compares a considerable large sample of NUTS2 regions' environmental efficiency levels in a DEA context.
The structure of the paper is as follows: section 2 reviews the relative existing literature, whereas section 3 presents the methodologies applied. Section 4 analyses the empirical results, whereas the last section concludes the paper.
Literature Review
There are three strands across the literature, which deal with undesirable outputs. The first was introduced by Färe et al. (1989) and assumes strong disposability for all the good outputs and weak disposability for all the bad outputs.
Under the weak disposability framework, we need to decrease desirable outputs proportionally if we need to decrease undesirable outputs. Weak disposability framework is thoroughly discussed by Kuosmanen (2005) , Färe and Grosskopf (2009) , Kuosmanen and Podinovski (2009) and Kuosmanen and Matin (2011) .
This approach has been used widely in the literature. Färe et al. (1996) and Tyteca (1997) investigated the US fossil fuel-fired electric utilities using sulphur dioxide (SO 2 ), nitrous oxides NO X and carbon dioxide (CO 2 ) as pollutants. Chung et al. (1997) measured the productivity in Swedish pulp and paper industry whose production of good outputs results in the production of bad outputs such as biological oxygen demand (BOD), chemical oxygen demand (COD) and suspended solids (SS). Zofio and Prieto (2001) by using conditional directional distance functions as introduced by Simar and Vanhems (2012) . They used CO 2 , methane (CH 4 ) and nitrous oxide (N 2 O) as undesirable outputs. The weak disposability is a widely accepted and adopted approach however it has also raised some debate (Hailu and Veeman 2001; Färe and Grosskopf 2003; Hailu 2003) .
Finally, Halkos and Tzeremes (2013b) proposed an environmental performance indicator based on Kuosmanen's (2005) The second strand in the literature applies a monotone decreasing transformation, which might take the form of the outputs' reciprocals (Lovell et al. 1995) or the form of data translation at undesirable outputs (Seiford and Zhu 2002) .
The last approach assumes strong disposability for all the variables (inputs, good outputs and the transformed bad outputs). This approach has also raised some debate about its validity Seiford and Zhu 2005) .
The last strand in the literature use undesirable outputs as inputs. This strand argues that if an undesirable output is used as input then it works as a proxy for the use of the environment in the form of its assimilative capacity (Mandal and as input in their models. Halkos and Tzeremes (2014) examined the effect of the Kyoto protocol on environmental efficiency in 110 countries using CO 2 as an input.
An important instrument for measuring environmental efficiency is ecoefficiency. Eco-efficiency is the ability to produce the maximum level of economic output while causing the least possible damage to the environment (Kuosmanen and Kortelainen 2005) . There are a couple of approaches across the literature about the construction of an eco-efficiency index, which are the environmental productivity index, the environmental intensity index, the environmental cost improvement index and the environmental cost-effectiveness index (Huppes and Ishikawa 2005) . Most of the studies use the environmental productivity index which is the ratio of good output to bad output. Kuosmanen and Kortelainen (2005) constructed an environmental productivity index in order to study the eco-efficiency in the transport sector of the three major cities in Finland. The authors used CO 2 , acids, hydrocarbons and particular matter as environmental pressures and they incorporated them in the model as inputs. Kortelainen (2008) proposed the generalization of Kuosmanen and Kortelainen's (2005) framework from static analysis to dynamic. The authors constructed an environmental productivity index by applying DEA and Malmquist productivity index. They studied eco-efficiency in European countries using four categories of environmental pressures as inputs, namely acidification potential, global warming potential, particular matter formation and tropospheric ozone forming potential.
Halkos and Tzeremes (2009) used DEA window analysis and generalized method of moments (GMM) estimators to construct an environmental productivity index in order to asses the environmental efficiency in 17 OECD countries. They used sulphur emissions per capita as an undesirable output. Similarly, Halkos and Tzeremes (2013c) constructed an eco-efficiency indicator using CO 2 and SO 2 as inputs. Furthermore, they applied a non-parametric regression analysis in order to examine the linkage between cultural values and eco-efficiency levels.
Methodology

The economic model
Following Daraio and Simar (2007, pp. 19-31) . Then the production set can be described as:
In expression (1) x and y are the input and output vectors and 'feasibility' implies that input quantities can produce output quantities. Then we can define the input requirement as:
According to Farrell (1957) the efficient boundaries can be defined in radial terms as:
Following Shephard (1970) several economic axioms must be applied:
Free disposability. Let , , with and
The free disposability (or strong disposability) of both inputs and outputs is assumed and can be defined as:
The set is assumed to be bounded, closed and convex. ( )
Then by following Farrell (1957) the input measure of efficiency for a decision making unit (DMU) operating at ( ) 0 0 , x y can be defined as:
The Data Envelopment Analysis (DEA) estimator
The operationalization of Farrell's (1957) input measure of efficiency for multiple inputs /outputs assuming free disposability and convexity of the production set was introduced via linear programming estimators from Charnes et al. (1978) .
Therefore for a given DMU operating at a point ( )
can be defined as:
The equation in (5) estimates the frontier under the assumption of variable returns to scale (VRS, Banker et al. 1984) .
Finally, the input efficiency score ( ) 
Schematic representation of the environmental efficiency indicators
In the first environmental efficiency estimator (model 1-M1) the transformation of the bad output introduced by Zhu (2002, 2005 ) is applied. Figure 1 below explains the environmental production function under the measurement assumption introduced by Zhu (2002, 2005 
Variables' description
For this analysis we obtain regional data for the year 2008 and for 160 Halkos and Tzeremes (2012) in order to measure regions' environmental efficiency in waste we are using in our three DEA modeling settings some inputs and outputs. The two outputs used are regional gross domestic product (million PPS-as good output) and municipal waste (in 1000 t -as 'bad' output). Similarly, the inputs used are total regional labor force and regional capital stock.
Since regional capital stock is not available from any regional database it is calculated following the perpetual inventory method (Feldstein and Foot 1971; Verstraete 1976; Epstein and Denny 1980) as:
where t K represents the regional gross capital stock in current year; 1 t K − is the regional gross capital stock in the previous year that is the regional gross fixed capital formation and δ represents the depreciation rate of capital stock (it is set to 6%). 
Empirical results
Following the methodology described four different estimators have been calculated revealing regions' environmental efficiencies in waste generation. Table 1 below presents the descriptive statistics of the environmental efficiency estimates 3 .
The results from model 1 (M1) following the methodology by Zhu (2002, 2005) reveal that in average terms Belgium regions' have higher efficiency estimates whereas German regions have the lowest. However, the lowest environmental (Figure 9 ) it can be realized that the distribution of their efficiencies is characterized by neither a leptokurtic nor a platykurtic form. It can be said that for these countries, that there is a high probability that regional environmental efficiency in waste generation to be higher than 0.4. Andalucía. Similarly it can be reported that from those last performers eight regions are from France, seven from Spain, four from Italy and one region from the U.K.
Conclusions
This paper illustrates how DEA methodology can be applied under the assumption of variable returns to scale to measure regions' environmental efficiency in waste generation. It applies three different modeling settings in order to measure the environmental efficiency of 160 European regions for the year 2008. First, the pollutant (in our case the municipality waste generation) is modeled as a regular output after applying the transformation introduced by Zhu (2002, 2005) .
Secondly, in an input minimization the pollutant is treated as a regular input based on several other studies treating pollutants as costs which the main goal is its minimization. Finally, the last modeling method uses the notion of eco-efficiency introduced by Kuosmanen and Kortelainen (2005) and Kortlainen (2008) . Based on this setting regions' environmental efficiency is measured having as output regional GDP and as input the pollutant.
The results over these three formulations reveal a lot of disparities among the examined regions. The paper provides a uniform measure and ranks these regions. It can be clearly observed that the lack of a uniform regional environmental policy among the European countries is reflected upon regions' environmental efficiency levels. This phenomenon is not observed only between countries but also between regions among the same countries' raising several issues regarding the existence and implementation of municipal environmental policies in waste generation. 
